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Abstract  
Wheat gluten (WG) is a complex protein derived from wheat. WG-based plastics are potentially used as substitutes for 
conventional petroleum-based plastics. However, the WG plastics are brittle and have high moisture absorption after being 
processed. In order to reduce stiffness and increase water resistance of the WG plastics, in this work, maleated natural rubber 
(NRMA) was blended with the WG. Grafting MA on the natural rubber (NR) is able to increase polarity of the NR, thereby 
increasing compatibility between the WG and NR. The NRMA was prepared by grafting maleic anhydride (MA) on natural 
rubber (NR) in molten state in an internal mixer at 120 ºC with no initiator for grafting reaction. Under the grafting condition 
used in this work, it was found that the grafted MA content on the NR is about 1.78% determined by alkaline titration. Sulfur as a 
curing agent in the rubber phase was used to prepare WG/NRMA blends with various weight ratios (100/0, 90/10, 80/20, 70/30, 
60/40 and 50/50). Mechanical properties, impact strength, water absorption and morphologies of the molded WG/NRMA blends 
compared with WG/NR blends were investigated. Incorporation of the NRMA into WG improved flexibility and water 
absorption resistance of the polymer blends with respect to the neat WG. Moreover, the WG/NRMA blends provided higher 
impact strength and mechanical properties, especially modulus and tensile strength than those of WG/NR, indicating more 
compatibility between the WG and NRMA comparing to NR, resulting in an improvement of mechanical properties in the 
WG/NRMA blends. 
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1. Introduction 
 
Bioplastics derived from renewable natural resources have received high attention due to increasing 
environmental awareness on non-biodegradable petroleum-based plastic wastes. Plant proteins (e.g. corn protein, soy 
protein and wheat gluten) offer a potential alternative to conventional polyolefin-based plastics because of their low 
price, large-scale availability, biodegradability and ability to form intermolecular linkages between protein chains 
[1]. Among the plant proteins, wheat gluten (WG) has attracted much attention due to its low cost, ability to form 
crosslink after being processed, good tensile strength and heat stability, low solubility in water and excellent gas 
barrier properties [2,3]. However, WG-based plastics have some drawbacks to limit them in various applications. 
One of drawback of WG plastics is their brittleness characteristics because of protein crosslink network formation 
after heat processing via disulfide bonds of thiol groups of cysteine amino acid in the protein chains. Another 
drawback of WG plastics is high moisture sensitivity due to hydrophilicity of polar amino acids in the WG structure 
[4].  
Various approaches to improve the mechanical properties and water resistance of WG plastics have been reported 
by many researchers. Plasticizers such as water [5,6], glycerol [2,7], sorbitol [8], ethanolamine compounds [1], and 
fatty acid [9] were added into WG to enhancement of brittleness.  Some crosslinking agents, such as glyoxal [10], 
glutaraldehyde and formaldehyde [11], and L-cysteine [12] were used to improve water sensitivity as well as tensile 
strength but these crosslinking agents reduced flexibility of the WG plastics. Various inorganic fillers including 
montmorillonite [13] and basalt [14] as well as some natural fiber such as coconut fiber [15,16] were incorporated 
into WG plastics to increase water absorption resistance and reduce brittleness of the plastics. Moreover, polymer 
blending is one interesting approach to enhance properties of the WG plastics. Many studies have been reported 
about mechanical property improvement of WG plastics by blending WG with other polymers including 
polycaprolactone (PCL) [17], modified PCL [18], polyester [19], poly(hydroxyl ester ether) [20], and poly(vinyl 
alcohol) [21], modified PVA [22], and starch [23].  
Natural rubber (NR) is widely used in various applications due to its excellent elastic properties, good resilience 
and damping behavior. However, its nonpolar characteristic limits its application due to poor oil resistance and 
processability as well as high air permeability [24,25]. Grafting modification of NR with maleic anhydride (MA) is 
one of common methods to introduce polar groups on the nonpolar NR backbone, resulting in hydrophilicity 
enhancement of the NR, thus leading to compatibility improvement between NR and other polar polymers [25].  The 
NRMA has been used as a toughening agent to enhance ductility in brittle polymers. Some studies have reported on 
incorporation of NRMA into poly(methyl methacrylate) (PMMA) [26], nylon 6 [27] and cassava starch [28] to 
improve flexibility and toughness of these polymers. 
Grafting MA to various polyolefins can perform under a condition with and without peroxide initiators (e.g. 
dicumyl peroxide and benzoyl peroxide) in the graft reaction. However, the grafting MA onto the polyolefins by 
using the peroxide initiators could bring about not only the degradation of polymer chains but also a crosslinking 
reaction in some cases [27]. Mechanochemistry is one successful method for grafting MA onto the many polymers 
because there is no use of any peroxide initiator and no solvent requirement in this process but shearing action is 
only used to generate free radicals for grafting reaction. Thus, the degradation as well as crosslinking could be 
prevented during the graft reaction via mechanochemistry process [29].  
To the best of our knowledge, no research study has been reported on blending WG into maleated natural rubber 
(NRMA). Thus, in this work, we have focused on improvement of flexibility, impact property and also water 
absorption resistance of WG-based plastics by blending the WG with NR grafted with maleic anhydride (NRMA) 
prepared in molten state via mechanochemistry. Tensile and impact properties, water absorption and morphologies 
of the WG/NRMA blends were examined. Furthermore, to compare with the WG/NRMA blends, mechanical 
properties and morphologies of the WG/NR blends prepared under the same condition as that of the WG/NRMA 
blends were also investigated.  
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 2. Experimental 
 
2.1 Materials  
Wheat gluten (WG) was purchased from Zhangjiagang HengFeng Starch Products Co. Ltd., China. WG was 
comprised of proteins, starch, fat and ash of 82.2, 15.7, 1.2 and 0.9 wt% on a dry basis, respectively. WG was 
removed moisture before use by drying at 80qC for 24 h and remained moisture content after drying was about 3%. 
Natural rubber (NR) used in this work is Standard Thai Rubber 5L (STR 5L) grade supplied by PI Industry Co. Ltd., 
Thailand. Maleic anhydride (MA) and potassium hydroxide was obtained from Sigma-Aldrich. Methanol, acetone, 
benzyl alcohol and toluene were supplied from RCI Labscan Limited. In this work, to improve tensile strength 
properties of polymer blends, conventional vulcanization (CV) was used to cure NR and NRMA phases in the 
blends. All chemicals for vulcanization in the rubber phase were used as received including activators (zinc oxide 
(ZnO) and stearic acid (SA)), accelerators (tetramethylthiuram disulfide (TMTD) and N-tert-butyl-2-
benzothiazolesulfenamide (TBBS)) and sulfur as a vulcanizing agent.  
 
2.2 Preparation of maleated natural rubber (NRMA)  
The NRMA was prepared in an internal mixer, Brabender W 50 EHT (Brabender® GmbH & Co. KG, Germany) 
at 120qC with a rotor speed of 60 rpm. Firstly, the NR was masticated prepared in an internal mixer for 20 min. A 
determined quantity of MA (5, 10 and 20 phr) was added into the masticated rubber and the mixing was then 
continued for 10 min. 
 
2.3 Characterization of NRMA 
2.3.1 Fourier transform infrared (FT-IR) spectroscopic analysis 
FT-IR spectroscopy was used to provide an evidence of MA grafted on NR chains by using a VERTEX 70 FT-IR 
spectrometer (Bruker Optics Inc., Germany). Before FT-IR analysis, unreacted MA in the NRMA was removed.  
The NRMA sample was dissolved in toluene at room temperature for 12 h under stirring and then refluxed at 110qC 
for 3 h. The undissolved matter was filtered and then an excess amount of acetone was added into the filtrate in order 
to precipitate the purified NRMA. Before recording the FT-IR spectra, the pure NR and purified NRMA solutions 
were prepared by dissolving the samples in toluene and the solutions were dropped on a KBr disks. Toluene was 
then evaporated in an oven at 70qC for 2 h to provide the NR and NRMA films.   
 
2.3.2 Determination of grafted MA content in NRMA by titration analysis 
The grafted MA content was determined by titration method according to a modified procedure [30]. The 
obtained purified NRMA was dissolved in 100 ml of toluene at room temperature for 12 h. The solution sample was 
then heated under reflux condition at 110qC for 3 h. The undissolved content was removed by filtration and the 
filtrate was collected. The purified NRMA was recovered by precipitation into an excess amount of acetone, 
followed by filtration, and then dried in a vacuum oven at 60qC for 24 h. The dried and purified NRMA was 
redissolved in 100 ml of toluene at room temperature for 12 h and 2 ml of distilled water was added into the NRMA 
solution to hydrolyze the anhydride groups into carboxylic acid groups. The solution was heated under reflux 
condition for 2 h to complete the hydrolysis and the solution was allowed to cool to room temperature. To determine 
the carboxylic acid concentration, the solution was performed by titration with 0.025 N of potassium hydroxide 
(KOH) solution in methanol/benzyl alcohol 1/9 (v/v) with 1% phenolphthalein in ethanol as an indicator. The grafted 
MA content was calculated according to the equation (1) as follows [31]:  
 
% Grafted MA content =  
(V1-V0)
2W  ×98 ×100                                                                                   (1) 
 
where N (mol/L) is the KOH concentration, V1 and V0 (L) are the KOH volumes used from titration in the 
sample and blank tests, respectively and W(g) is the sample weight. 
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2.4 Preparation of WG/NRMA blends 
The WG/NRMA blends were prepared in with various weight ratios of 100/0, 90/10, 80/20, 70/30, 60/40 and 
50/50. The WG and NRMA were premixed in the internal mixer at 120°C for 10 min with a rotor speed of 60 rpm. 
Pre-vulcanized WG/NRMA blends were then prepared by addition of curative chemicals for vulcanizing NRMA 
into the premixed WG/NRMA blends. All curative chemicals based on 100 parts per hundred rubber (phr) included 
5 phr of zinc oxide, 1.5 phr of stearic acid, 0.4 phr of TMTD, 0.6 phr of TBBS and 2.5 phr of sulfur.  Each chemical 
was added sequentially into the premixed WG/NRMA blends for 5 min and the mixing was then continued for 10 
min. In this work, WG/NR blends were also fabricated by the same procedure as that of the WG/NRMA blends to 
compare morphologies, tensile properties and water absorption resistance with the WG/NRMA blends.  
 
2.5 Morphological analysis 
A scanning electron microscope (SEM; Hitachi Model S3400N instrument) was used to study morphologies of 
cryogenic fractured surfaces of molded specimens of WG and WG/NR as well as WG/NRMA blends with different 
ratios. The fractured surfaces of all specimens were coated with platinum to make them conductive before 
investigated by SEM. 
 
2.6 Mechanical properties  
2.6.1 Tensile testing  
Compression-molded sheets of all blends with sizes of 15.0 x 14.0 x 0.6 cm were prepared in LabTech 
compression molding machine at pressure of 1,500 psi (10,342 N/m2) at 150°C for 5 min. Then, dumbbell shaped 
specimens were obtained by laser cutting from the molded sheets. Tensile property test were conducted according to 
ASTM D638-10 type IV using a universal testing machine (Instron 5969) under room temperature with a 5 kN load 
cell and the test speed of 50 mm/min. At least ten specimens were tested for each blend.  
 
2.6.2 Izod impact testing  
Impact specimens with sizes of 64.0 x 12.6 x 2.0 mm were compression-molded at 150°C for 5 min at pressure of 
1,500 psi. Notched izod impact testing was performed according to ASTM D256-10 using a pendulum impact tester 
(Zwick model B5102.202). For each blend, fifteen replicates were tested and the average impact energy in kJ/m2 was 
recorded. 
 
2.7 Water absorption testing 
Compression-molded specimens of WG and WG/NRMA blends with sizes of 64.0 x 12.6 x 2.0 mm were used to 
investigate the water absorption (WA). All specimens were dried to remove moisture at 100qC for 24 h and the 
original weight of the specimens before testing was measured. The specimens were submerged in deionized water in 
horizontal position at ambient temperature. At certain immersion times of 5, 10, 15, 25, 35, 50, 60, 120, 180, 240, 
300, 360, 720, 1440 and 4320 min, the specimens were removed from water. Then, the surface water from the 
specimen was removed with a tissue paper and specimen weight was immediately recorded at each time point. Three 
test specimens were measured from each sample. The percentage of water absorption (%WA) was calculated using 
equation (2). 
    
% WA = [(Ws˗W0)/W0] x 100                             (2) 
 
where W0 and Ws are specimen weights before and after submersion, respectively. 
 
 
3.  Results and Discussion 
 
3.1 Characterization of NRMA 
     FT-IR spectra of pure NR and the maleated natural rubber (NRMA) using MA at 20 phr are presented in Figure 
1. From the pure NR spectrum, we can notice a presence of absorption peaks in the range of 2800-2950 cm-1 
corresponding to C-H stretching vibration, at 1624 and 830 cm-1 attributed to the C=C stretching and C=C bending 
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of the NR,  respectively and near 1440 and 1370 cm-1 resulting to the –CH2 and –CH3 bending, respectively. 
Concerning the NRMA spectrum, observation of a weak peak at 1849 cm-1 and a strong peak at 1777 cm-1 can be 
assigned to grafted MA, corresponding to assymtric and symmetric C=O stretching of maleic on NRMA chains, 
respectively [30]. The possible grafting reaction of MA on NR chains via free radical reaction was propososed by 
Nakason et al. [30]. Moreover, from the NRMA spectrum, a strong absorption band of O-H stretching at 3461 cm-1 
was observed due to carboxylic acid formed by the reaction between the anhydride group in NRMS chains and 
moisture.  
 
 
Fig.1. FT-IR spectra of pure NR and NRMA (20 phr of MA) 
 
      Table 1 shows the grafted MA content in NRMA determined by titration method. It can be noticed that the 
grafting degree of MA on NR molecules increased with an increase of MA loading. The grafted MA content when 
MA concentrations of 5, 10 and 20 phr used for the grafting process were 0.47, 0.88 and 1.78 wt%, respectively. 
From this result, the amount of MA at 20 phr was selected in this work to use for preparation of the NRMA in order 
to blend with the WG. 
 
                                                        Table 1. % Grafted MA content in NRMA 
Amount of MA (phr) Grafted MA content in NRMA (%) 
5 0.47 
10 0.88 
20 1.78 
 
3.2 Morphology of WG/NR and WG/NRMA blends 
      SEM images of cryogenic fractured surface of the pure WG, NR, WG/NR and WG/NRMA are shown in Figure 
2 and 3, respectively. Concerning the morphologies of the pure WG and NR (Fig.2a and 2b), the fracture surface of 
WG is rather smooth with cracks on the surface, indicating a typical brittle fracture (Fig.2a). On the other hand, the 
SEM observation of the pure NR (Fig.2b) showed a rather coarse surface revealing the characteristic of ductile 
fracture.  
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(a) Pure WG (b) Cured NR 
Fig.2. SEM images of fractured surface of (a) pure WG and (b) pure NR 
    
 
  
(a) WG/NR (90:10)  (b) WG/NR (70:30) (c) WG/NR (50:50) 
  
(d) WG/NRMA (90:10) (e) WG/NRMA (70:30) (f) WG/NRMA (50:50) 
 
Fig.3. SEM images of fractured surface of WG/NR and WG/NRMA with different proportions of NR and NRMA 
          
      SEM micrographs of all WG blends are illustrated in Fig.3. Heterogeneous structure with WG aggregates was 
observed both in WG/NR and WG/NRMA blends. This may be due to incomplete flow of WG matrix, which is in 
powder form under the applied mixing condition, while the NR or MRMA was in a viscous flow, resulting in 
forming agglomerations of WG dispersed in a continuous rubber phase. At high WG content of 90 wt% (Fig.3a and 
3d), more agglomerates of WG with bigger clusters were formed and an appearance of voids between the WG 
clusters was clearly observed. There are fewer voids between WG agglomerates when the NR and NRMA 
concentration of 30 wt% (Fig.3b and 3e) whereas no void was visible in the blends with 50wt% NR and NRMA 
(Fig.3c and 3f).  However, in the case of the WG/NRMA blends with ratios of 70/30 and 50/50, more homogeneous 
and smoother surfaces were observed compared to the corresponding WG/NR blends, indicating compatibility to 
some extent between WG and NRMA in the blends. No compatibility in the WG/NR blends was achieved because 
of the polar characteristics of the WG and non-polar nature of NR, while the grafted MA groups in NRMA chains 
can react with side chain groups of various amino acids in the WG such as lysine, serine, threonine, cysteine and 
arginine [32], resulting in an improvement of WG-rubber interfacial adhesion.  
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      It is known that the mechanical properties of polymer blends depend strongly on the phase morphologies of the 
blends. Hence, a relationship between the mechanical properties of the WG blends and the blend surface 
morphologies was discussed in the section 3.3 further below.  
 
3.3 Mechanical properties of WG/NR and WG/NRMA blends 
      Table 2 and 3 summarize the tensile properties including modulus, maximum tensile strength and elongation at 
break of the WG/NR and WG/NRMA blends with different rubber compositions, respectively. 
 
    Table 2. Tensile properties of WG/NR blends 
WG:NR ratio Modulus  (MPa) 
Maximum tensile strength 
(MPa) 
Elongation at break  
(%) 
Pure WG 1697.08 ± 6.53 37.60 ± 6.03 2.75 ± 1.00 
90:10 762.49 ± 21.45 3.53 ± 0.17 2.32 ± 0.13 
80:20 103.13 ± 24.60  2.98 ± 0.06 28.31 ± 6.60 
70:30 33.30 ± 4.20 2.01 ± 0.04 71.21 ± 4.00 
60:40 12.60 ± 15.00 1.39 ± 1.43 127.12 ± 14.30 
50:50 5.02 ± 0.52 1.22 ± 0.16 685.48 ± 30.80 
 
                                             Table 3. Tensile properties of WG/NRMA blends 
WG:NRMA 
ratio 
Modulus  
(MPa) 
Maximum 
tensile strength 
(MPa) 
Elongation at 
break  
(%) 
Pure WG 1697.08 ± 6.53 37.60  ± 6.03 2.75 ± 1.00 
90:10 931.73 ± 80.54 5.15 ± 0.59 2.93 ± 0.17 
80:20 124.12 ± 11.40 4.28 ± 0.40 10.50 ± 2.00 
70:30 23.61 ± 2.35 4.85 ± 0.38 43.10 ± 3.91 
60:40 8.30 ± 1.09 4.69 ± 0.57 101.14 ± 11.20 
50:50 5.58 ± 0.52 4.13 ± 0.21 242.29 ± 28.30 
 
      As seen in the table 2 and 3, the pure WG showed very high modulus and tensile strength whereas elongation 
became quite low, signifying a brittle characteristic of the WG plastic. Considering the tensile property data of the 
blends with NR as given in Table 2, modulus and tensile strength reduced, while elongation increased as increased 
concentration of NR in the blends. In the case of the WG/NRMA, the similar trend of the tensile properties was also 
observed. However, comparing to the same rubber ratio of both the WG/NR and WG/NRMA, the modulus and 
tensile strength of the WG/NRMA were higher than those of the WG/NR. In contrast, the elongation at break of the 
blends with NRMA showed low value compared to the WG/NR, suggesting more compatibility between the WG 
matrix and NRMA. The result was in agreement with the study on morphologies of the fractured surfaces of the 
WG/NR blends which showed heterogeneous and rough morphologies (Fig.3b-c), but the fractured surfaces of the 
WG/NRMA blends which observed more homogeneous and smooth surfaces (Fig.3e-f) as presented in the section 
3.2.   
      In spite of the polar NRMA incorporated to WG matrix, the WG/NRMA blends prepared in this work did not 
show a great degree of enhancement in mechanical properties, especially module and tensile strength with respect to 
the WG/NR blends as we expect. This result may be because the grafted MA content in the prepared NRMA was 
low (1.78%). Thus, a low level of reaction between the anhydride groups on grafted the NRMA and the side chain 
groups of amino acids was obtained, resulting in a low degree of interfacial adhesion, leading to no remarkable 
enhancement in the mechanical properties in the WG/NRMA blends.   
      Table 4 presents impact strength data of the WG plastic and the WG blends containing various contents of NR 
and NRMA. The brittle WG showed very low impact strength of 0.55 kJ/m2. In the case of the blends, incorporation 
of either NR or NRMA rubbers into WG can enhance the impact strength in both blends due to possessing rubbery 
phase in the blends which can absorb fracture impact energy. In the case of both blends with NR and NRMA at a 
ratio of 90/10, low impact strength values of 0.75 kJ/m2 in the WG/NR blends and 1.54 kJ/m2 in the WG/NRMA 
blends were obtained. This may be attributed to a presence of large voids in the blend as showed in Fig.4a and 4b 
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displaying the SEM images of fractured surface of the WG/NR and WG/NRMA blends.  It is well known that voids 
acts as stress concentrators which induce early fracture failure. Overall, impact strength of the both blends increased 
with the rubber concentration in the blends. When the rubber loading above 30 wt%, impact strength could not 
detected due to no appearance of failure in the impact specimens. Furthermore, it was found that the WG/NRMA 
showed superior result of the impact strength to the WG/NR blends due to increased interfacial adhesion of WG and 
NRMA phases in the blends.   
 
                                               Table 4. Impact strength of pure WG, WG/NR and WG/NRMA blends 
Polymer Ratio Impact strength (kJ/m2) 
WG 100:0 0.55 ± 0.13 
WG/NR  
90:10 0.75 ± 0.14 
80:20 2.13 ± 0.18 
70:30 3.48 ± 0.23 
60:40 Non-break 
50:50 Non-break 
WG/NRMA  
90:10 1.54 ± 0.62 
80:20 4.74 ± 0.59 
70:30 6.81 ± 0.87 
60:40 Non-break 
50:50 Non-break 
 
3.4 Water absorption 
      Water absorption (WA) is an importance property of materials for evaluating stability on water. In the case of 
the WG-based plastics, WA is one of the main shortcomings that restrict the long-term application of these WG 
plastics. The WA of pure WG and the WG/NRMA blends with various ratios of rubber phase is presented in Figure 
4. It can be clearly seen that the WA of pure WG was around 80% which was much more than those of the 
WG/NRMA blends. Moreover, the pure WG reached the equilibrium water uptake in 4,000 min, while there was no 
presence of reaching equilibrium water absorption in the time period of measurement in all blends. The higher WA 
value and acquiring the equilibrium water uptake in the WG sample resulted from hydrophilic nature of WG due to 
a presence of high contents of hydrophilic groups in the WG structure. Amino and carboxyl groups in the protein 
chains are mainly responsible for interacting with water via hydrogen bonding [20]. In the case of the WG/NRMA 
blends, the value of WA decreased dramatically with an increase in weight fraction of NRMA. When the NRMA 
content increased to 50% (WG/NRMA 50/50), the WA of the blends were reduced to 15%. Thus, incorporating 
NRMA into WG remarkably enhanced the resistance of water absorption because of a presence of hydrophobic 
rubber phase in the blends, resulting in an improvement of the hydrophobicity of the materials. In spite of NRMA 
consisting of hydrophilic MA grafted on the rubber chains, the NRMA showed a markedly low WA (| 5%). This 
might be due to a quite low grafting degree of MA in NR (| 1.78%), so NRMA still possessed hydrophobic 
character. 
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Fig.4. %Water absorption (WA) of pure WG, NRMA and WG/NRMA with various ratios of NRMA 
4. Conclusions 
     
      The maleated natural rubber (NRMA) was prepared via mechanochemistry process in the internal mixer without 
peroxide initiators. Under the applied condition for NRMA preparation, grafted MA content on NR was around 
1.78% when amount of MA loading of 20 phr was used for the grafting step. A comparison of tensile and impact 
properties as well as morphologies of fracture surfaces between the WG/NRMA and the WG/NR blends was 
investigated. It was clearly observed in the SEM micrographs that the fracture surfaces of the WG/NRMA became 
more homogenous than those of the WG/NR blends, indicating the presence of compatibility to a certain extent 
between the WG matrix and NRMA phase. Compared to introduction of NR into WG, blending the NRMA into the 
WG provided higher ductility and impact strength improvement of the brittle WG. Besides, a significant 
enhancement of water resistance of the WG/NRMA blends with respect to the pure WG plastics was also observed.   
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